As an efficient artificial truncating boundary condition, conformal perfectly matched layer (CPML) is a kind of multilayer anisotropic absorbing media. To reduce computing effort of CPML, this article proposes a layer-oriented element integration algorithm. In this algorithm, the relative dielectric constant and permeability are considered as constants for each the very thin monolayer of CPML, and the element integration of multilayer along the normal direction is substituted by the element integration of monolayer. The CPML is divided into multilayer elements, whose element matrixes are evaluated by monolayer integration. Numerical examples show that the layer-oriented element integration algorithm is reliable and the CPML formed with this algorithm possesses high-efficient absorbing performance.
Introduction 1
The perfectly matched layer (PML) concept introduced by J. P. Berenger [l] is an efficient method for truncating the unbounded spatial domain to deal with the electromagnetic radiation and scattering problems. Although the PML approach was originally introduced into the finite-difference time-domain (FDTD) method, it has been found useful for mesh truncation [2] in the finite element method (FEM). It has been shown recently that the artificial anisotropic media with properly designed permittivity and permeability tensors can absorb electromagnetic waves, irrespective of frequency and angle of incidence [3] . M. Kuzuoglu, et al. [4] designed the conformal PML (CPML) for the first time, which provided an efficient FEM mesh truncation, especially for the problems involving electrically large antennas and complicated scatterers. Then some other versions of CPML suitable for the FEM implementation were advanced [5] [6] . For the problem of demanding for large computational resources such as that for electromagnetic scat- tering, the CPML is always a desirable absorbing boundary. Generally 6-10 layers of CPML will be able to meet the absorbing condition, but more layers may be needed for large complicated scatterers. Unfortunately, the layer is so thin that large quantities of elements are needed for achieving the computational precision. For the sake of reducing quantity of elements, some research works [7] [8] [9] [10] are implemented, but this problem is still not settled completely. To overcome this difficulty, we have developed the layer-oriented element integration algorithm. In this algorithm, the element integration of multilayer along the normal direction is substituted by element integration of monolayer, and the geometric and material properties of multilayer elements are retained for achieving the needed computational precision.
The contents of this article include the layer-oriented element integration algorithm of CPML, algorithmic implementation, and numerical examples, which demonstrate both the applicability and effectiveness of the algorithm.
CPML Formulation
In this section, we start with reviewing the definition of the CPML [5] and the relevant expressions are presented.
For the general anisotropic PML, the constitutive parameters can be expressed as r and 
Here, the CPML is a smooth convex shell, which encloses the scatterer at a small distance. Let S be the inner surface of this shell, then for any given point P on S the unit vectors u 1 and u 2 coincide with the principal directions and u 3 is the unit normal vector. Assume that there are local coordinates 1 , 2 , and 3 corresponding to the u 1 , u 2 , and u 3 directions, and 3 takes the value of zero on surface S, then the surface S formed by the points with their 3 being constants is the isometric surface of S at a distance of 3 from S. If the principal radii of curvature at point P are given by r 01 ( 1 , 2 ) and r 02 ( 1 , 2 ), then for the point P ( 1, 2, 3 ) on S will be given by The tensor values in the parentheses of Eq. (1) give the geometrical and physical information of the CPML as 
where s is the complex stretching variable along the 3 -direction. The matrix of in local coordinate system is given by 
Layer-oriented Integration Algorithm
For 3D electromagnetic scattering with PML absorbing boundary, the scattering field can be described by following vector wave equation
where E s is scattering electric field, the differential perator, k 0 the wave number in free space.
Applying variational principle to Eq.(4), the resulting functional expression is written as
The functional expression Eq. (5) is discretized by finite elements and the formulation of element matrix is expressed as 
where k stands for the kth medium layer, n the number of total layers, r r k k and r r k k are the relative dielectric constant and permeability tensors of kth layer CPML, and k is defined by the geometric parameters of kth layer. Because the monolayer of CPML is very thin, relative dielectric constant and permeability can be considered as constants for each monolayer. We propose to simplify the integration formulation of multilayer elements along the normal direction. In order to acquire the geometrical and material properties of multilayer elements, the CPML is divided into multilayer elements and these element matrixes are calculated by monolayer integration. The detail of this algorithm is described as follows.
The right hand of Eq.(6) is rewritten as where J is 3D isoparametric Jacobi matrix [11] .
where w k is the variable along the thickness direction of the kth layer CPML.
Due to the fact that h k is small enough, we can simplify the integration function in Eq.(10) as 
Similarly, the layer-oriented integration formulation of Eq. (9) can be obtained.
Considering that the electromagnetic field is nonlinear distribution along the normal direction of the multilayer CPML, the second-order or higher order vector basis functions used are essential for achieving the needed computational precision. In this article, we employ second-order vector basis functions that cost less computational effort than that of the higher order vector basis functions with the same required precision.
Numerical Examples
In order to verify the accuracy and efficiency of layer-oriented integration algorithm, we implement this algorithm with three typical examples.
Example 1 A model of metal sphere with diameter of 0.666 ( is the length of incident wave), incident wave spreading along z-direction, and frequency of 300 MHz is built (see Fig.2(a) ).
Example 2 A model of metal ellipsoid shell with major axis of 1.0 and minor axis of 0.5 , incident wave spreading along z-direction, and frequency of 3 GHz is built (see Fig.2(b) ).
Example 3 A model of metal wing with span length of 5.0 , chord length of 2.46 , maximum thickness of 0.28 , incident wave spreading along x-direction, and frequency of 300 MHz is built (see Fig.2(c) ).
In these examples, we employ the curve hexahedron vector element suggested in Ref. [12] and the incomplete cholesky conjugate gradient (ICCG) method for solving the system equations given in Ref. [13] . The results are obtained with 512 M memory computer. All programs are implemented with FORTRAN90 compiling language.
In Figs. 3(a)-3(d), we have compared computational accuracy of the layer-oriented integration CPML with that of 6 layers CPML for solving bistatic radar cross section (RCS) of these examples under different conditions of mesh scale. and are spherical coordinates. Fig.3 suggests that the layer-oriented integration CPML is more accurate and reasonable under mesh scale of /50. The main cause is that the normal direction and principal radius of curvature of CPML are calculated more accurately under mesh scale of /50 than that under mesh scale of /20, especially for smaller curvature radius domain.
In Table 1 , we have compared the computational effort and computation time of layer-oriented integration CPML with that of 6 layers CPML under different conditions of mesh scale. The results show that the layer-oriented integration CPML costs much less effort and CPU time, and is more efficient than 6 layers CPML. 
Conclusions
To improve the computational efficiency of multilayer CPML, this article develops the layer-oriented element integration algorithm. Numerical examples show that this algorithm is much more accurate for solving bistatic RCS with mesh scale compared with 6 layers CPML with mesh scale, and the former costs much less effort and CPU time with the same required precision. Therefore, this algorithm is more efficient and applicable for the computation of electromagnetic scattering than traditional multilayer CPML.
